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INFLUENCE OF TEMPERATURE ON CREEP, STRESS-RUPTURE, T
AND STATIC PROPERTIES OF MELAMINE~RESIN AND
STL.ICONE-RESIN GLASS-FABRIC IAMINATES

By Williem N. Findley, Harlan W. Peithman,
and Will J. Worley

SUMMARY

Results of the following tests of melamine-resin glass-fabric
laminates and silicone-resin glass-fabric laminates at temperatures up
to 400° and 600° F, respectively, are reported: Statlc-tension, static-
compression, tension-creep, and time-to-fracture tests.

The mechanical properties of both laminates weakened with increase
in temperature, as a rule,

The creep data supply additional evlidence that the percent increase
in strain from one given time to another given time (called "creepocity"}
is Independent of stress. An ansglysis of the creep data is represented
by an equation which describes the effect of stress, time, and tempers-
ture. This equation is based on the actlivation-energy theory and a power
Tunction of time.

An analysls of the data shows the possibility that no creep will
occur at temperatures below -10° F for the melamine-resin laminste and
-119°% F for the silicone-resin laminate.

INTRODUCTION

The series of tests reported herein is a part of & coordinsted ;
research program to investigate the mechanical properties of plastic
laminates for use in sircraft construction. The purpose of this phase
of the program was to determine the mechanical properties of two mate-
rials in a given range of temperatures, the higher tempersbures being
of particular interest. The reports of some previous investigations of
the properties of plastics are given in references 1 to 8.
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Melamine-resin and silicone-resin glass-fabric laminstes were
selected for study in the present investigation after an extensive survey
by the Bureau of Standards (ref. 9) to determine which of several mate-
rials were most promising for high-temperature work. This study showed
that at that time (1949) silicone- and melamine-resin laminates were

outstanding.

This work was conducted in the Department of Theoretical and Applied
Mechanics as a part of the work of the Engineering Experiment Station of
the University of Illinols under the sponsorship and with the financial
asslistance of the Nationsl Advisory Committee for Aeronsutles. Credit
1ls due the various organizations who prepared the laminates and provided
information pertaining to the composition and manufscturing conditions
of the two materlals tested. These include the American Cyanamid Co.,
Dow Corning Corp., Genersl Electric Co.,  and Taylor Fibre Co.

The assistance of Messrs. H. E. Anderson, J. P. Cedarholm, G. E.
Chicoine, J. H. Dabbert, R. E. Duff, B. K. Ghandi, S. C. Bu, L. B. Kriz,
P. N. Mathur, J. B. Pennington, R. P. Quinlan, R. C. Quinlan, L. H. Shanin,
D. D. Strohbeck, L. B. Taplin, and J. R. Young in performing tests, making
computations, and prepering drawings and of Mr. D. Bailey in machining
specimens and gpparatus 1s gratefully acknowledged.

SYMBOLS

d distance through which shear stress acts in carrying unit of .
flow from normal to activated state - . g

h Planck constant, 6.624 x 10~27 erg-sec

K Boltzmenn constant, 1.3805 x 10716 ergs/ok

1 length of compression specimen

n constant independent of stress, dimensionless

q stress-concentrgtion factor

R gas constant, 1.986 cal/mole-%K

r radius of gyration of transverse cross section of compression
specimen .

T absolute temperature, °K

T, temperature below which material shows no time sensltivity
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t time, hr

to consteant conveniently taken equal to unity and having dimensions
of tine

@ constant presmab-ly independent of material

NH energy of activation, cal/mole

AS entropy of activation, cal/mole-°K

€ total strain, in./in.

¢ creep rate, in./in-sec or in./in-hr

€ time-independent strain, in./in.

€' coefficient of time, independent term, in. [in.

ALyA dimensions of "unit of flow"

g normsl stress, dynes/sq cm or 1b/sq in.

Oy constant in stress term, lb/sq_ in.

¢ creepocity

TYPES OF TESTS

The following tests were performed at various temperatures on each
of the two glass-fabric leminates: Short~time static-~tension and static-
compression tests, creep tests of 500-hour duration with recovery data
teken at the end of each test, and time-to-fracture tests in which the
elepsed time between application of the load and fracture of the speci-
mens was determined for verious stiresses.

From the statlc-~tension and static-compression tests, the following
properties were determined: Modulus of elasticity, yield strength, ulti-
mate strength, and rate of strain, The following measurements were made
from the creep data: The "elastic” strain at 20 seconds after loading,
the total creep at 500 hours, the rate of creep at 500 hours, and the
percent increase in strain at 500 hours. From the recovery dats measure-
ment was made of the recovery strain at 20 seconds. The recovery strain
was compared with the 20-second elastic-strain measurement at the begin-
ing of the test.
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While 1t was deslred to obtain time-to-fracture. date between 2 and
200 hours, the behavior of the materisls, paPticularly at high tempera- o O
tures, made 1t difficult to obtain data within these limits. "

The melamine-resin glass-fabric laminate was tested at 40° (restricted
to creep tests), T7°, 130°, 250°, and 400° F.and the silicone-resin glass-
fabric laminate was tested at T7°, 2500, L2590, and 600° ¥, The relative
bumidity was maintained at 50 * 2 percent for all tests at T7° F. The
relative humidity was maintained at 50 t 2 percent for tests at 400 and
130° F slthough the control was performed differently and was less accu-~
rate than at T7° F. No attempt was made to control the relative humidity
above 130° F.

MATERTALS AND SPECIMENS
Materisls

Two plastics were tested in this program: e melamine~resin glsss-
febric laminate and a silicone-resin glass-fabric laminate. The details
of manufacture and composition of each material appear in table I,

Specimens .

Dimenslions of specimens for each type of tests performed are illus-~
trated in figure 1. All specimens were cubt from the sheet of laminste
with their longitudinal axes parallel to cne another,

The tension specimens were machined on a shaper and the compression
gpecimens of two different lengths were turned on a lathe. The dimen-
slons are shown in figures 1(a) and 1(b). The 2-inch specimens were used
to obtain stress-straln data in coampression, while the l-inch specimens
were used to obtaln the ultimate compressive strength.

Two types of creep and time-to-fracture gpecimens shown 1n fig-
ures 1(c) and 1(d) were used for temperatures in the 40° to 250° F range.
The first type used (fig. 1(d)) was machined on a shaper in such a tanner
that the wide faces of the ends of the specimen which served as the
gripping surfaces were perpendicular to the planes of lamingtion. This
is shown in figure 1(d), section A-A, the shading being representative
of the planes of laminations. This shape proved satisfactory for a small
load on the specimen; however, for a large load there was a tendency for
the specimen to fail prematurely at the enlarged sections where the specil-
men was gripped, since the load was not distributed evenly over the entire -
enlarged section of the specimen. The outer laminations of the enlarged
ends of the gpecimen carried part of the lodd only as long as the resin
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bond could withstand the shear sbtresses between laminations. The grips
did not offer any restraint to shearing since gripping forces were
parallel to the planes of lamination.

Failure at the grlps was overcome by changing the shape of the ends
of the specimen as represented by figure l(c). This new design was
machined on a shaper with the gripping surfaces of the specimen parsllel
to the planes of lamination.

For temperstures between 400° and 600° F a different type of creep
specimen was used to fit the high-temperature Baldwin creep machine,
Specimens with threaded ends and a circular cross section (fig. 1(e))
were adopted after some preliminsry work with & type having threaded
ends and s rectangulsr cross section. The rectangular cross section was
the same as that used in the low-temperature creep specimens. Both
specimens were very difficult to machine but the one with the rectanguler
cross section was especially so., The specimen of circular cross section
vas used throughout, except where reference is made to the type with the
rectangular cross section.

Al1] specimens were kept in the sir-conditioned laboratory for st
least 2 weeks prior to the start of a test. The condition of this lab-
oratory was maintained at a temperature of T7° t 1° F and a relative
humidity of 50 t 2 percent throughout the entire testing program.

APPARATUS AND TEST PROCEDURE

Static~Tension Tests

Short-time tension tests were performed on specimens as shown in
figure 1(a). These specimens were tested in tension on a 10,000-pound-
cgpacity Olsen universal testing machine with beam welghing and eguipped
with g separate varigble-speed drive. TFor tests at 77° F, the specimens
were held in Templin wedge grips. A smaller set of grips specially pre-
pared to fit in e tube furnace was used for high-temperature tests. The
apparatus and specimens gppear in figure 2., Some elasticity was required
in these grips to prevent the specimen from slipping out of the grip. To
accomplish thls the cap screws shown in figure 2 were provided with shanks
the same dlameter as the root of the threads and were tightened nearly to
the elastic limit.

The use of the tube furnace for the elevated-~-temperature tests
necegsitated specisal strain-measuring spparatus., For the tenslion tests
C-shaped plates were provided with set screws to sttach them to the
specimen at the two ends of the specimen gage length, Esach of these
pletes was clamped to a peir of rods which transferred thelr ‘motion to
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another C-shaped plate below the grips and outside the tube furnpace. A
lever-and-dial type extensometer was attached to lugs on the two C-shaped
plates located outside the furnace so as to indicate the displacement
between these plates and hence the strain in the specimen,

In order to mgke 1t umnecessary for the speclimen to support the
welght of the extensometer and in order to prevent damage to the ilnstru-
ment i1f the specimen fractured while the extensometer was attached, the
extensometer was suspended by means of & flexible coil spring such as
shown in figure 2,

Since the rate of strain in a statlic tension test which 1s conducked
at s constant rate of cross~head mobtion variles continucusly during the
test, 1t 1s necessary, for purposes of correlation, to establish some
particular strain value gt which to determine the rate of strain. In all
of these tests the rate of strain during testing Just below the propor-
tlonal 1limit was used. A preliminary test was conducted for esch laminate
at each tempersture to determine the rete of testing speed required to pro-
duce a rate of tensile strain of 0.0016 inch per inch per minute. This
value was selected to correspond with previous tests-(refs. 10 to 13). All
succeeding tests were considered valid if the rate of strein Just pre-
ceding the proportional limit was within the limits of 0.0016 t 0.0003 inch
per.inch per minute, This rate of strain corresponds roughly to the rate
of strain produced by testing machines operated at a head speed of
0.05 inch per minute.° However, it should be noted that different machines
and even different materials tested in the same machine at the same rate
of cross-head motion will not in genersl produce the same rate of strain
in the specimen. This 1s due to different relative stiffnesses of the
machine, the specimen, and the auxillary gripping apperatus. During the
test, readings of load, deformation, and time were recorded up to a point
within a few percent of the load at which failure was expected. The
extensometer was removed before fallure, -

From these data the stress and strain were computed. Then diagrams
of stress against strain and time agalnst straln were plotted. The
modulus of elasticlty was determined in each case from the slope of the
initisl part of the stress-straln curve. The yield sbrengths at 0.05-~
and O.2«~percent offset were determined by constructing lines parallel to
the initial part of the stress-strain curve and offset 0.05 and 0.2 per-
cent, respectively.

An electrically heated tube furnace enclosed the tenslon specimen
for tests in which the temperatures were greater than T7° F. Tempersture
control was msintained by hand adjustment of an auto-transformer control-
ling two heater elements in the furnace. The specimen tempersture was
determined by means of a thermocouple attached to the surface of the
specimen at the center of the gage length., o



NACA TN 3h1l ' 7

A conditioning time of 15 to 20 minutes at testing temperature was
employed before conducting the test.

Stetic-Compression Tests

Compression specimens were tested in the same machine as the static-
tension specimens. Temperature-control spparatus was the same as described
in the preceding sectlon. Conditions of temperature and humidity were
maintained the same for static-compression tests as for static-tension
tests. Specimens tested at TT° F were tested using a compression tool
as shown in figure 4 of reference 11.

Similar spperatus, which was better adapted to a tube furnace, was
especiglly designed for tests at higher temperatures and is shown in fig-
ure 3. A slender compression tool held the specimen in the center of
the furnace. This tool consisted of two hollow pistons in opposition
inside a sleeve in such a way that a compression specimen could be loaded
between the ends of the pistons. The upper piston was free to move ver-
tically but gulded by the sleeve to prevent lateral movement. The pistons
were made hollow so as to minimize conduction of heat from the furmace,
The specimen with C-shaped plates attached by set screws was inserted
between the pistons through a rectangular slot in the sleeve. As in the
tension tests at high temperatures two palrs of rods shown in figure 3
transferred the displacement of these C-shaped plates to the second palr
of plates which was mounted below the furnsce and below & bridge which
carried the campression ool and the load spplled to the specimen, A
lever~type compressometer was atbached to the lower plates as shown in
figure 3 to indicate the strain of the specimen.

Two different shapes of specimens were required (fig. 1(b)), one to
determine stress-strain relations and ancother to determine the compres-
sive strengths. The 2-inch specimen (1/r = 16, where 1/r is the ratio
of the length of the specimen to the radius of gyration of the transverse
cross sectlon of the specimen) was used with the compressometer having a
l-inch gage length to determine the stress-strailn relations. The l~inch
specimen l/r = 8) was used in determining the compressive strength of
the material to eliminate as far as possible the tendency for specimens
to buckle. The rate of strain for the tests of l-inch-long specimens
was substantially the same as the ragte of strain in the 2-inch specimens.
This was accomplished by adjusting the speed of the testing machine so
that the rate of lunecrease in load during a test was substantislly the
same as the rate of increase in load corresponding to the proportional-
1imit load observed in the tests of the 2-inch specimens, for which the
strain rates were kmown.

During the compression tests of the 2-inch specimens, readings of
load, deformation, and time were recorded. From these data the stress
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snd strain were computed and stress-strain and time-straln curves were
plotted. The modulus of elasticlty, yileld strengths at 0.05- and
0.2-percent offset, and rate of strain were determined from these curves
in the same manner as that descrlbed for the tension tests.

A conditioning time of 15 to 20 minutes was allowed at the testing
temperature before each test.

Tension-Creep Tests

Tegts at 40° F.- Two racks with creep equipment similar to the two
used for rocm-temperature (77° F) tests, as-described in the following
section, were used for tests at 40° F. Instead of being exposed to con-
trolled room conditions, however, the specimens were enclosed by insu-
leted cabinets as shown in figure 4. Each cabinet consisted of a box
lined with galvenized sheet steel and insulated with 4 inches of glass
fiber, Cooling in the 40° F cabinet was accomplished by use of &
eutectic~filled cold plate, which served as the eveporation chamber in
a sulfur dioxide refrigeration system, The eutectic-filled cold plate
was used in preference to open colls so that a temperature of L0C F could
be employed without much disturbance of relgtive humidity in the cabinet
by condensation on the cooling colls. The temperature was thermostati-
cally controlled. A more detalled explanation of ceblnet comstruction
and temperature control is glven in reference 1k.

Tests at 77° F.~- The equipment used for conducting the creep tests
conslsted of two steel racks from which 38 specimens could be suspended,
calibrgted weights and levers used for loading the specimens in tension,
calibrated extenscmeters, s travellng microscope for messuring the strain
indicated by the extensometer, end a clock equipped with a counter to
record the elgpsed time in hours. Figure T of reference 11 shows the
creep rack with loading levers, specimens, extensometers, and auxiliery
equlpment. Figure 5 shows a specimen with creep-measuring equipment in
place. In this figure, the specimen A was held by grips C which contalned
a hook-and-eye type of swivel Joint B and C. This Joint was provided in
order to minimize the possibllity of eccentric loading. “

The extensometer used for measuring the creep consisted of a lever-
type instrument with a traveling microscope D (fig. 5) for mesasuring
the disgplacement between reference marks on the end of the lever E and
a stationgry arm F. The lever ratio was 10 to 1. One end of the lever
was forked and fastened by pivots to the lower clamp attached to the
gpecimen, The axis of this pivot passed through the centroid of the
cross section of the specimen (the pin itself did not go through the
specimen). Thus the strain meesured by this instrument was the average
strain in the specimen. The fulcrum of the lever was pivoted to a rod,
the other end of which was fastened to the upper clemp on the specimen.
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A spring clip G (fig. 5) was used to attach this rod to the upper clamp
so that the extensometer could be left on the specimen, during fracture
if necessary, without damage to the instrument.

The dials on the traveling microscope as well as the various exten~
someters were calibrated against a micrometer screw. Strains were meas-
ured to £0.000001 inch per inch and were reproducible within +0.000002 inch
per inch. Flat clamps instead of pointed screws were used %o attach the
extensometer to the specimen because creep of the materisl might cause
screws to sink into the specimen, thus causing early fracture. The dis=-
tance between the cenfters of the flat clasmps was considered to be the gage
length of the extensometer. As used in these tests, this gage length was
10 inches. A track was provided for the microscope so that it could be
moved from specimen to specimen quickly.

Tests at 130° and 250° F.- The cebinets used for 4O° F tests were
used alsoc for 130° and 25Q° F tests.  Each was heated with an electric
strip heater which extended the full length of the cabinet. Temperature
control was maintained by thermostats,

Creep-measurement equipment was ildentical to that used for the 40°
and 77 F tests.

Tests at 400°, 425°, and 600° F.- The equipment used for high-
temperature creep tests consisted of a Baldwin creep machine which was
modified in several respects (see fig. 6). This machine consisted of
a frame supporting a lever by which one specimen could be loaded, a
furnace, and strain-measuring equipment. A tempersature indicator and
controller, as well as potentiometers and an sutotransformer for adjusting
furnace temperature distribution, controls for the strain-messuring
instrument, end a clock were mounted on an auxiliary panel. A counter-
balance, not shown in the figure, was fastened to the lever arm so that
the small loads required for some tests could be accommodated. The
counterbalance also made it possible to elimingte the consideration of
tare weight in the calculation of the load necessary to produce the
desired stress. Thermocouples were atbached to the surface of the speci-
men at the middle and at the two ends of the gage length. Millivolt
readings were measured by means of a precision potentiometer.

Creep-Test Procedure

Loads on all creep specimens at all temperstures were gpplied quickly
but gently by means of a hydraulic Jack. The zero time reading was taken
a8 the time at which the total load was transferred from the descending
Jack to the specimen. The extensometer was read Just before application
of the losd. Readlngs of extension and time were taken as soon after
loading as was possible and at 30 seconds, 1, 2, 3, 5, 6, 7, 10, 12, 18,
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24, 30, and 42 minutes, 1, 2, 3, 5, 7, 10, and 20 hours, and then every
24 to 500 hours. Following this the specimens were unloaded with recov-
ery strain and time being recorded for 24 hours at the same intervals
used on loading. This completed the test of a specimen,

Specimens st all temperatures were given a 24-hour conditioning
period at temperature before loading. .

Specimens for all stresses for each laminste at a glven temperature
were tested sgimulteneously wherever possible, The maximum stress
employed in & creep-test series was determined from & preliminary creep
test performed for each leminate. Thils test was started at a load which
would produce a stress of about 60 percent of the tensile strength of
the material, If the specimen did not fracture in 24 hours this load
was increased sbout 6 percent of the tensile strength for the next

24 hours. This process was repeated until the specimen failed. A sbress

level of 80 percent of the highest stress which lasted 2 hours without
failure was then used as the highest stress in the creep tests at each
temperature.

Time~to-Fracture Tests

THme~to-fracture tests were conducted in g manner identical to The
creep tests, The only difference was that stresses were cbtained which
were expected to cause failure within 2 to 200 hours after loading.
Creep deflections and times were recorded for these tests also. The
time of fracture was determined by s clock, which was stopped sutomati-
cally by =a switch attached to the lcocading lever when fallure occurred.
From these data, the relationship of stress and time-to-fracture was
determined. Fracture stresses were based on the initisl area of the
specimen,

TEST RESULTS

Type of Fractures.

Photographs of representative fractures of specimens tested in static

tension and compresslion and tension creep are shown In figures 7 tc 9.

It was observed in the static tension and creep tests that as the temper-

ature increased the fractures showed more and more of a ragged, fibrous

appearance., At the higher temperatures the test section of the specimens

swelled and delamination seemed to occur. At 600° F the silicone~resin
lamingte gseemed to lose much of the resin binder and turned a darker
brown.
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The compression specimens fractured along planes which contained
the transverse threads of the fabric and which were at an angle of about
17° 4o 31° to the longitudinal axis of the specimen, depending on the
materisl and length of the specimen., For melamine resin the angle varied
from 21° to 25° for l-inch specimens and 17° to 20° for the 2-inch speci-
mens. For the silicone resin the variation was 25° to 31° for the l-inch
specimens and 170 to 24° for the 2-inch specimens. The only pronounced
change in angle due to temperature seemed %o be from sbout 24° at T7°,
250°, and 425° F to sn angle of 17° at 600° F for the 2-inch specimens
of silicone-resin laminste. '

Static~Tension Tests

Representative stress-strain curves for various temperatures and a
time-strain curve for one temperature are shown for the two glass~fabric
lJeminates in figures 10 and 11. From curves similar to these the fol-
lowing properties were measured: Modulus of elasticity (both primsry
and secondary),+ yileld strength at 0.05- and 0.2-percent offset, ultimate
strength, and rate of strain. These properties are given in tables II
and IIT with averages of similsr tests.

For all tension tests it was desired $o maintain a rate of strain
approximately 0.0016 inch per inch per minute at the proportional limit.
All tests which Pell cutside the limits of 0.0016 % 0.0003 inch per inch
per minute were excluded from those tests which were used to determine
an sverage. See btables II gnd III.

Two curves are shown in figure 11 for the silicone-~resin masterisl
at 600° F. 1In the test represented by the solld line the extensometer
was attached to the specimen in such a wegy that the gage points were in
contact with a surface whose plane was perpendicular to the planes of
the laminstions in the stress-strain curve. This was the usual manner
of attaching the extensometer to the specimens and was satisfactory for
most tests., However, it was observed that the specimen tended to bulge
and delaminate near the end of the test. This suggested that the gage
points might be slipping instead of remaining attached in the originsl
position. Such action might account for the upward curvature cbserved
in the stress-strain curve. This possibility was explored by testing a
specimen to whilch the extensometer was atibached with the gage points con-
tacting the surface whose plane was parallel to the planes of lsmi-
ngtions. The results are shown by the dashed line in figure 11.

lThe definition of modulus of elasticity in reference 11 is for the
primary or initial tangent modulus. Tn the melamine resin = sudden change
in slope of the stress-strain curve was noted after about 6,000 psi fol-
lowed by a reasonably linear portion of the curve. The slope of this
second linear portion was called the secondary modulus,
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The first method of attaching the extensometer, while 1t seemingly

dlid not have an effect on the first part of the test, epparently was the
factor causing the concave upward trend in the 425° and 600° F tests of
the silicone~resin material, Mounting the extensometer on the specimen

the second method mentioned eliminated posslble slippage but may have
caused the gage points to damage the outer laminations. No such diffi-
culty was encountered with the melamine-resin materisl., It was noted
that the difflculty mentioned epparently did not affect the yleld-strength
determinations for the sllicone laminaste as shown in figure 11,

In figures 10 and 11 each successive curve was displaced horizontally
from its adjacent curve. The scale of the abscissa 1s correct as shown
but the origin is correct for only the first curve.

Static~Compression Tests

Representative stress-strain curves for both materials at various
temperatures and a time~-strain curve for one temperature are shown in
figures 12 and 13. From curves similar to these for the 2-inch speci-
mens the following properties were determlned: Modulus of elasticity
(both primery end secondary), yileld strength at 0.05- and O.2-percent
offset, ultimate strength, end rate of strain. Specimens 1 inch long
were used to determine only the ultimste strength. Results and average
values are given in tables IV and V.

In all tests except for the sillcone-resin material at T7° F the
average ultimate strength was higher for the l-inch specimen than for
the 2-~inch specimen. The percentage difference in ultimste strength
between the two different types of specimens lncreased with higher tem-
peratures as shown in tables IV and V,

For all compression tests 1t was desired to maintain a rate of
strain approximately 0.0016 inch per inch per minute at the proportiomal
limit. All tests which fell outside the limits of 0.0016 % 0.0003 inch
per inch per minute (usually the first one of any series) were excluded
from those tests whlich were used to determine an average. These are
noted in tablesgs IV and V.

In figures 12 and 13 each curve was dlsplaced horizontally from the
adjacent curves.

Tension-Creep Tests
Results of creep tests for each of the two mmsbterlals at several

temperstures and stresses are shown in figures 14 to 22. These data are
shown plotted for the first 500 hours of creep followed by strain recovery
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curves for those specimens which were unloaded after 500 hours umder
load. The tests at T7C F were extended to greater lengbhs of time so
that recovery data at 500 hours were not aveilable, The differences in
the two materisls made 1t impractical to plot each set of data to the
same scale, However, uniformity in scales was maintasined wherever
possible.

The relgtive humidity was maintained at 50 percent for tests at
T7° F and for the first 3,200 hours of creep tests of the melamine-resin
laminate at 40° and 130° F. The relstive hmmidity of the test chamber
was not controlled in the remainder of the creep tests.

In general the rate of creep was very large at the beginning of
each test and continuously decreased as time progressed. The total
- creep &t any given time and stress was greater at higher temperatures,
and the total creep at any given time and tempersture was greater for
larger siresses.

The creep tests of both laminstes at 250° F suffered from the fact
that the temperature did not remsin constant during the first part of
the tests. For this reason tests at 15,000 and 30,000 psi for the
melamine~-resin and 4,000 and 8,000 psi for the silicone-resin lsminate
were repeated. The dabta were found to be in reasonsbly close agreement
wilth those for the first tests.

In figure 22 is ‘illustrated the type of creep curves cbtained when
the stress was increased at intervals., The increases were made In order
to establish the gpproximate stress at which time«to-fracture creep tests
should be performed, In the test shown in figure 22 the stress was
increased fram 8,000 to 9,000 to 10,000 and to 11,000 psi at which stress
fracture occurred.

A control specimen was tested along with the creep specimens., These
specimens were not loaded but strain readings were recorded in order to
determine whether the material was strebtching or shrinking because of _
factore other than creep.

The control specimens for the melamine~resin material showed very
little change in length; no consistent trend was evident over the range
of temperatures employed. The silicone-resin materisl on the other hand
showed little change in length at the lower temperatures but increasing
amounts of shrinkage as the temperabure increased above 250° F,

It should be noted, however, that all the control specimens tested
in the high-temperature creep machine were actually subjected to s stress
of 150 psi. This was due to the weight of the lower gripplng apparatus
and extensometer. While a stress of 150 psi is small (compared with the
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stress of 4,000 psi present in the specimen of next higher stress) it
may have affected the observed changes in length.

Difficulties were encountered st high temperatures which were not
problems at low temperatures. In addition 4o the problem of maintaining
a constent temperature and a uniform tempersture distribution along the
specimen at higher temperatures, each specimen was tested separately,
s0 that temperature variations and other changing conditions occurring
in the zero-stress control specimen were not reflected in the behavior
of specimens of the same test series, as was true of the groups of speci-
mens tested together in the same furnace.

The "elastic” strain as determined for the creep-best specimens in
this report was defined as the total strain measured in the specimen
after the load had been agpplied to the specimen for 20 seconds. Thise
strain was determined by plotting the readings obtained during the first
few hours of the test on logaritlmic peper and reading the strain cor-
responding to a time of 20 seconds from the nearly straight line which
resulted from this plot. The values of 20-gecond elastic strain are
shown in the third colum of tables VI and VITI and in figures 23 and 2.

The total creep. (including the elsstic strain) was measured for all
specimens at 500 hours. These data were corrected for the change in
length of the specimens having zero load by subbtracting the algebraic
value of the change in length of this specimen. The adjusted values
are shown in tgbles VI and VII and in figures 23 and 2k,

The rate of creep did not remsin comstant throughout the time of
testing but decreased rapidly at first and then more graduslly. In
order to evaluate the effect of stress on the different rates of creep,
it was therefore necessary to determine the rate of creep at some defi-
nite time. The rate of creep was determined for a time of 500 hours by
first correcting the datae for change in length as indicated by the con-
trol speclmen. The slopes of the creep~time curves at 500 hours were
then measured for each of the specimens tested. - The rate of creep was
determined by measuring the slope of the curve represented by the test
data between a time of 450 and 550 hours. The measurements were made
from a logaritimic plot in which the strain scale was extended to 25
to 50 times the time scale in order to increase the accuracy of the slope
measurements. The rate of creep thus obtained for each specimen is shown
in tables VI and VII and plotted in figures 25 and 26. .

Figure 25 shows that the rate of creep of the melsmine-resin lami.
nate was nearly the same for moderate stresses and temperatures of T7°,
130°, and 250° F, but the creep rate was much greater at 400° F. Some
irregularity is shown in figure 25 for the creep-rate data, especially
at 77° F. At the lower temperatures the slopes of the creep curves
were so small that it was difficult to cobtaln an asccurate determination
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of the rates of creep., This may account for much of the irregularity.
Because of the disturbance at 200 hours shown in figure 1L, the rate of
creep for 40° F could not be determined.

The rate of creep for the silicone-resin material at different
stresses and temperatures was reasonsbly consistent as shown in fig-
ure 26.

The total strain at 500 hours 1s also plotted in flgures 23 and 24
for camparison with the 20-second elastic strain. The large Increase
in strain between 20 seconds and 500 hours at the highest temperature
is to be noted.

The percent increase in strain at 500 hours compared with the elas-
tic strain at 20 seconds (called the creepocity) was computed for all
specimens, The values cbtalned are shown in tables VI and VII with
average values for each laminate at each temperature.

Recovery data taken for both materials made possible a determina-~
tion of the strain at 20 seconds gfter unloading, The 20-second recov-
ery strains are shown in tebles VI and VII. Comparison of 20-second
recovery strain and 20-second elastic strain shows that the recovery
strain was somewhat less than the elastic strain for all temperatures
and sbout three~fourths the elastic strain for the silicone-resin lami-
nate et 600° F.

Time~to-Fracture Tests

Results of time-~to-fracture tests are shown plotted in filgures 27
and 28. From the faired curves shown in figures 27 and 28 the stress
to cause fracture in 2 and in 200 hours was determined and is listed
for each material and temperature in table VIIT.

All tlme-to-fracture tests were subject to the same conditions as
the tension-creep tests., All tests followed the normal procedure except
where notations to the contrary are made on the graph. Since the range
of stress within which delayed fracture could be produced was rather
narrow at some temperstures a considerable amount of effort was required
to obtain even the few test polnts shown in the figures. The factors
which produced the scatter of data shown have not been isolakbed.
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ANATYSIS AND DISCUSSION OF RESULTS

Static~Tension Tests .

A summsry of all the mechanlcal properties determined for both -
glass-fabric laminstes during this investigetion is presented in teble IX.
The tensile propertles are glven.by the third to seventh items.

It was observed that the melamine-resin material had a higher ten-
slle modulus of elasticity at all camparable temperatures. For both
materlials the modulus of elasticity generally decreased for increased
temperatures. The melsmine-resin material showed a change in the slope
of the stress-strain dlagram at a stress of 6,000 psi or less for all
four temperatures. The slope below this point was called the primary
nodulus of elasticity and the slope sbove was called the secondary modu-
lus of elasticity. These values are given as the third and fourth ltems
in table IX. A similar change in slope was noted for the glass-~fabric
laminate with an unssturated polyester resin reported on page 15 of
reference 13.

The tensile yleld strength did not show a systematic variation with
temperature for either glass laminaste. The highest tensile yield strength =~ -
for melamine resin (12,700 psi at 0.05-percent offset and 26,600 psi at
O.2-percent offset) occurred at 250° F. The tensile yield strength of
silicone (10,100 psi at 0.05-percent offset) was greatest at T7° F. No -
tensile yield strength at 0.2-percent offset was obtained at TT° F since )
the stress-strain curve did not cross the 0.2-percent-offset line,

The tension modulus of elasticlty of melamine resin was 25 percent
lower at 40O F than at T7° F. For silicone resin the tension modulus
of elasticity was 23 percent lower st 600° F than at T7° F. Considering
the high and low velues, the melamine-resin tensile yield strength at
0.05 was lower at T7° and 130° F then at 250° F by 15 percent. The
tensile yleld strength at 0.2-percent offset was 17 percent gregter at
250C F than at LOOC F. Silicone resin showed a tenslon yleld strength
at 0.05-percent offset 49 percent less at 600° F than at T7° F.

The bensile ultimate strength was smaller by 16 percent at 250° F
then at T7° F for melamine resin. For silicone resin the tensile ulti-
mate strength was 21 percent less at 600° F than at T7° F.

Comparison of melamine-resin and silicone-resin glass-fabric lami-
nates with the five laminates tested in reference 11 shows that the
melamine-resin material demonstrated higher tension properties by 8 per- )
cent than any of the five laminates tested previously at 77° F. However, L
the ultimate compressive strength of melamine resin was 43 percent
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smaller than the glass-fabric laminate bonded with the unsaturated
polyester resin, Silicone-resin materisl showed lower tension and com-
pression values than the unsaturated-polyester-resin materisl at T7° F.

Static-Compression Tests

The static-compression properties are summarized in table IX. The
compression modulus of elasticity for the melamine-resin laminate is
greater than the tension modulus at all temperatures except 400° F.

The greatest difference between compression and tension moduli is 6 per-
cent occurring at 400° F. For silicone resin the compression modulus

is greater than the tension modulus by no more then 15 percent for any
temperature except 600° F in which case the compression modulus is less
than the tension modulus by 4 percent.

The compression yleld strength of both mgbterials decregsed with
increased tempersture. The stress-strain curve did not cross the line
at 0.2-percent offset at 77° F for either material. The campression
yield strength for the highest tempersture test was 60 and 66 percent
less than the T7° F test for melsmine resin and silicone resin, respec-
tively. Ultimate strengths decreased with temperature :anrea.se for
both materials, At the highest temperatures the ultimate strength was
4T and Th percent less than et T7° F for melamine and silicone resin,
regpectively.

. Ultimate strengths in compression for all temperatures and for both
materials were considerably less than the corresponding ultimste strength
in tension. The compression ultimate strength of melamine resin is

41 and 63 percent less than the tensile ultimate strength at T7° and

600° F, respectively.

For equal temperatures the melamine-~resin glass-~fabric lamingte
demonstretes higher tension and compression properties than the silicone-
resin glags-fabric laminate. This is no doubt due-in part to the com-
parative number of plies per unit thickness of the two laminastes (62
approximately for melamine resin as compared with 45 for silicone resin),

e

Tension-Creep Tests

The elastic strain at 20 seconds and the tobal stralin at 500 hours
corrected for change in length due to eging et the particular test tem-
perature sppear In tables VI and VIT and are shown plotted in fig-
ures 23 and 2 for all temperstures for the tension-creep tests.

The curves for the 20-second elagtic strain in figures 23 and 24
mey be compared with the stress-strain curves in tension, figures 10
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and 11, respectively, except that the coordinates are reversed. For the
melemine resin, figures 10 and 23, the 20-second-elastle-strain curves
and stress-strain curves are quite similar except that the strains from
the creep tests are somewhat greater. Thils mey result fram the fact
that the creep specimens were at temperature 24 hours (compared with

30 minutes for the tension tests) before testing.

For the silicone resin, figures 11 and 2k, the 20-gsecond-elastic-
straln curves and stress-strain curves are gbout the same except for the
higher stresses at 425° and 600° F where the strains are much larger in
the tension tests., This difference may be due to the longer time wmder
load in the tension tests or it may be due to the longer time at tem-
perature prior to testing in the creep tests.

Using the moduli of elastlcity as & basis for comparison, the modull
of elasticity determined from the 20-second strain data for tension-creep
tests are less than the moduli of elasticity of the static~tension dats
for all temperatures and both materilals enumergted in percentages as
follows: TFor the melamine resin at T7°, 130°, 2509, and 400° F the
tension~creep moduli of elasticity are less by 15, lh 9, and 25 percent,
respectively. For the silicone resin at T77°, 250°, h25 and 600° F the
tension-creep moduli of elasticity are less by &, 12, 9, and 12 percent.
The differences in modull of elasticity may be attributed partially to
disgimilgrity of the time factor.

Creepocity.~ The percent increase in strein from 20 seconds to
500 hours is shown for each specimen in tables VI and VII. These data
seem to verify the proposals in references 12 and 13 that the percent
increase in strain, called creepocity in earlier work, is nearly inde-
pendent of stress at any temperature. It was observed that the creepocity
became greater for increased temperatures for both materisls indicating
Increasingly poor resistance to creep. In spite of a lsrge amount of
scatter 1n the data at higher temperatures for both materials, it is
evident that there is no systematic variation with stress.

As suggested in references 12 and 13 the following equation mey
express the creep behavior., Used with reasonable success in previous
work, 1t is now applied to the data involving higher temperatures:

€= eo[l + (t/tO)rEl (v~
where o
€ total strain, in./in.
S time~-independent strain, in./in.
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t time, hr

to constant conveniently taken equal to unity and having dimen-
sions of time, hr

n constant independent of stress, dimensionless

It follows from equation (1) that the creepocity @, which is the
percent increase in strain from % to to, may be expressed by the

following equation:

0y = (ea/t0)” - (3/t9)™ 44 (2)
1+ (t1/8)%

Exponent n.- Using the average percent increase in strain from
20 seconds to 500 hours shown in tebles VI and VII the values of n
were compubed from equation (2) for each temperature for both laminates.
Comparing this set of values of n for the melamine resin with a set
previously determined (ref. 12) on the same material between 20 seconds
and 1,000 hours of creep, the values of n as determined between 20 sec-
onds and 500 hours were found to be smaller by 39 and 6 percent for T7°
and 130° F, respectively. There is a good possibility that the cam-
paratively poor agreement at T7° F may have been partiaslly caused by the
larger scatter of values of creepoclty camputed between 20 seconds and
1,000 hours. Of thls scatter the largest velue of creepocity was

2%‘- tlmes greater than the smallest. Another posslbllity is that equa-
tion (1) does not fit the creep data accurately enough.

Time-independent term €,.- The value of €5 was determined by

substituting values of n into equation (1), using values of € at
20 seconds (€;) and 500 hours (€p). Comparing the average value of g,

detez.'mined from € and €y for melamine resin with date from refer-
ence 12 in which €, was calculated in the same manner using values

of n determined from 20 secands end 1,000 hours at T7° and 130° F, the
agreement was found to be reasonable. The differences were less than

3 percent at T7° F except at 2,400 psi which rendered an €, computed
from 20 seconds end 500 hours less by T percent than the €, computed
from 20 seconds and 1,000 hours. None of the €, values at 130° F

varied more than 1 percent. Similar comparisons were not made on the
silicone resin since no previous computatlions of this nabure had been
performed. on this material.
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;Calculated'creqp rates.~ If the strain €, at any time 1s accurately
defined by equation (1), then the creep rate € can be determined by
differentiating equation (1) as follows:

. de _ €o¢ “yn-1
€ = a-%- =_-|_B—O—- ('b/"bo)n (5)

Creep rates at 500 hours computed from equation (3) by substituting
the values of €g and n determined above are shown in tables X and XTI
for comparison with other creep rates at hours. For the most part,
the creep rates computed from equatbion (3) are much more consistent in
stress dependence than the measured values. This 1s especially true of
melamine resin at 77° F for which the measured values produce a scat-
tering of data as shown in figure 25.

Effect of temperature on exponent n.- Figure 29 shows the con-
stant n plobted against sbsolute temperature for both materials. The
dats shown in figure 29 suggest that n .may be a linear function of
ahsolute tempersture and slso the possibility thet n has a value of,
zero at tempersbtures gbove zero ebsolute. If the strsight lines shown
in figure 29 are extrapolated to n = 0 the lines intersect the x-axis
at 250° K (-10° F) for the melamine-resin laminate and 189° K (-119° ¥)
for the silicone-resin lamingte. The fact that the lines shown In fig-~
ure 29 for the two laminates are nearly parallel i1s noteworthy.

In view of equation (1) it would seem that these materials would
show no creep (that 1s, no time effect) at the temperatures indicated
gbove silnce n = 0. It would be interesting to learn whether this is
true. A tempersture below which creep does not occur for plastics seenms
possible since many metals do not appear to creep at room temperature.
When n Is negative, equation (1) predicts that the strain will decrease
with increasing time.

An enomslcous behavior 1s indicated by equation (1) wvhen n=0 in
that the strain € equals 265 for any value of time other than zero

(for which the strain is indeterminant).

That the straln € should equal 2€5 does not seem too impossible
since the 20-second elastic straln is spproximately twlce the value
of €p for both lamlnates, especlally at the lower temperatures.

Effect of temperature on time-independent term €5 (first method).-
The effects of temperature and stress on the coefficient €, are shown
in figure 30. It was shown previously (ref. 12) that €, could be
represented by a hyperbolic sine function of stress of the form




NACA TN 341k . 21

€, = €' sinh ofo, (%)

for the melamine-resin lsminate at 40°, T7°, and 130° F. The values
of €5' and 0y for the melamine resin at 130° F have been reevaluated

for the best f£it to the values of _€o obtalned from the data at 500 hours
and the values of €,' and o, have been determined for the data from

tests of the melamine-resin leminate at 250° and 400° F. The values
of eo' and 0, are shown in tables X and XTI for both materials.s In

figure 30 the solld lines show equation (’-l-) using the constants of
tebles X and XT.

Examination of the values of €,' and o, shows no systematlc

variation with temperature. Im fact it might be concluded that both
velues were independent of temperature and that the variation shown was
scatter. However, if e€,' and 0y Wwere Independent of temperature all

curves for each laminste in figure 30 would have to be coilncident, which
is not the case. Evidently, there is enough uncertainty or scastter in
values of €, that €,' and o, cannot be determined accurately.

Another gpproach to this problem may be made as shown in the fol-
lowing activation-energy theory:

It has been shown previously that the creep rate € can be expressed
as a func’cion of absolute tempersture T and normal stress o as follows:

&8 A

é:%%%TeRe BT imn 340 (5)
where
& creep rate, in./in-sec
T gbsolute temperature, %K
A5 entropy of ectivation, cal/mole-oK
Jav: 4 energy of activation, cal/mole
g normal stress, dynes/sq cm
X Boltzmann constant, 1.3805 x 1070 ergs /K
h Planck constent, 6.624 x 1027 erg-sec
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R gas constant, 1.986 cal/mole-°K

A,L,A dimensions of "unit of flow"

q stress~concentration factor

a distance through which shear stress acts in carrying unit of

flow from normal. to activated state

The creep rate may also be expressed as a function of stress o
and time + by combining equations (3) and (&): i

t
._Eon
tO

(t/to)>"" einh o/, (6)

Egquation €5) may be made more gemeral by introducing the time factor
from equation (6). Also it was observed above that n was nearly s
linear function of absolute temperature for the two lamlnates tested and
that the slope of the line was nearly the same for both materials. Thus
this relation may be written -

n =T - Tp) (7

where o 1is a constant presumably independent of material and Tg is

the temperature below which the material presumsbly shows no time
sensitivity.

Substituting equation (7) in equation (6) and comparing the result
with equation (5), it seems reasonsble that T in equation (5) perbaps
should be replaced by (T - T,) and perhaps « is proportional to

kt
%—hg since k and h are fundamental physical constants and o is
nearly the same for at least two materials. The factor to may be a

relaxation time, but in any case it is needed to meke n dimensionless,
as required. The revised equstion (5) becomes.

A5 _pE A Ko
-+ 4 R RT) kb T F® (Frral-l gAdo
€ = -5-_[_’—0- e e f T (T - Ta) (t/to) Sin.h. (8)

Comparing equations (8) and (6) the following identities may be Ffound:

' =%e‘/‘\s/R e:.'.'A.H[RT (9)
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kt
n=220 (1., (10)
2T
= == 11
% = @ G

Thus equation (8) expresses the creep rate as a function of stress, time,
and temperature,

The strain € may likewise be expressed as a fumection of stress,
time, and temperature from equation (1) by substituting equation (k)
for €, and substituting equations (9), (10}, and (11) for e,', n,
and O’O thus:

R

kto
= (T - Tp)
e:::%eR e RT1+ (t/%0) h sinh gi;" " (12)

) by

Effect of temperature on time-~independent term €, (second method) . -
Substituting equations (9) and (11) into equstion (L)

Ja's) LH

eo = % eR e RT sinh gAdg

(13)

For small values of ¢ equation (13) may be expressed gpproximately as
follows:

s 4

€o=gghA£!eReRT
3 kT

or

AS
s ¥

log, €oT = log

W

&
R

K-

(1)

e

Thus for a smell value of stress a dlagram of log, €,T versus %

should be a straight line if the temperature dependence of €, 1s as
shown in equation (13). To test this the values of €, for a small stress

were computed for each tempersture from the values of €.' and Jq

o given
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in tebles X and XI. These values were used to plot the diagram shown
in figure 31, The disagreement between the data points and the lines
shown may be scatter of the data, or it may mean that the behavior of
the materisl is not exactly as described by equation (13).

However, the slope of the lines is of the correct sense., Also the
lines are not vertical as would have been required if €5 were inde-

pendent of tempersture.

The value of the ectlivetlon energy AH was compubed from the slope
of those straight lines shown in figure 31. The slope of the line equals

- %, from which AH was found to be about 1,460 calories per mole for

both laminates instead of L,500 calories per mole as determined previously
(ref. 12) for the melamine-resin laminate using temperatures of 40°, TT7°,
and 130° F.

Prediction of previous camputations for melamine-resin laminate.-
The constants in equation (5) were evaluated from creep of the melsmine-
resin laminste at 14-00, "{'(0, and 130° F and reported in a previous paper
(ref. 12). It was observed, however, that the value of gAd was not
constant asccording to the daba. It is of inberest to use the results
of the previous analysis to predict the creep rates at 250° and 400° F
for comparlson with the measured values.

In making these computations -;-l‘-% was assumed to be approximately

unity since A and I are presumed to be the same order of magnitude

of interatamic distance. Since gAd was not constant in the previous
anaelysis some assumption had to be made regerding 1ts value. Two assump-
tions were made: {(a) It was assumed that the character of the mechanism
of creep was changing in the interval 40° to 130° F which caused a change
in qAd and that the change was completed at 130° F so that gaAd
remained constant at 29 A for higher temperstures and (b) it waes assumed
that gAd varied wlth temperature. The values of gAd were plotted as
a function of tempersture to logarithmic scales and the resultlng straight
line was extrapolated to obtain values of qAd at 250° and L4OO° F.

The values of the constents and gAd were inserted into equation (5)
and the values of creep rate were computed. These values are listed in
teble X for both methods of handling gAd. The creep rates predicted
from equation (5) for qAd a constant are nearest to those messured from
slopes of the creep curves and those predicted from equstion (5) for qad
varyil(:g)with temperature were nearest to the values computed from equa-
tion (3).
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Pime~to-Fracture Tests

Results of time~to-~fracture tests are shown for the two materials
in figures 27 and 28. The results are scattered for the most part but
definite trends are discernible. 1In general at a given temperature the
time for fracture decreases with increase in stress. It was observed
that the slopes decreased as the temperature was Increased for both
materials. A%t higher temperatures a small increase in losd on a speci-
men shortened the fracture time considerebly. This fact made it diffi-
cutt at higher temperatures Ho predict a stress which would cause fallure
within the desired limits of time.

Figure 27 for the melamine~resin laminate shows that increasing the
temperature made relatively little difference in the creep strength
(i.e., the stress which produced fracture in s given time) for tempers.-
tures fram T7° to 250° F. However, at LOO° ¥ & decrease in creep strength
of about 12 percent was observed.

A more marked influence of temperature on the silicone-resin laminste
was observed as shown in figure 28. Increasing the temperature from T7°
to 250° F caused a decrease in creep strength of sbout 6 percent, but
increasing the ‘temperature to 425° F increased the creep strength sbout
26 percent.  Further increase to 600° F caused s decrease of about 3 per-
cent. No explsnation of this strengthening effect of temperature has
been found.

In general, at the higher temperatures for both materials, the
specimens fractured within the first several seconds after loading or
they endured more than 200 hours wilthout failure. It seems possible
that the creep strength may increase with time at tempereture. This
tendency may have been the factor which made it difficult to cbtein
fracture data between 0.001 hour and 100 hours.

This effect of age strengthening at 400° F for the melamine~resin
meterial was apparent from the results of step creep tests. The weak-
ening effect mentioned just previously and apparent from the LOOC P
curve in figure 27 applied only to those specimens stressed between
29,000 and 30,000 psi during the first few hours of loading. Six speci-
mens loaded at varlous stresses between 30,000 and 33,000 psi failed
instantaneously. Yet one preliminary step test at 4000 F performed on
the melamine-resin materlial was stressed initially at 20,000 psi and
after the stresses were stepped up by 2,000-psi intervals over a pericd
of 44O hours the material finally failed at a stress of 38,000 psi.

Two other step tests at LOO® F were performed between the limits of
28,000 to 36,000 psi with fracture in 454 hours and 29,000 to 34,000 psi
with fracture in 430 hours. These results suggest that the material
increases in strength with time at this temperature. On the other hand,
a "coaxing effect” resulting from starting the stressing below the creep
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strength and gradvslly increasing the stress may have produced the
strengthening. No results of a similar nagture were shown so distinctly
by the silicone-resin step creep tests.

Silicone~resin specimens of two different types were tested at T7° F.
The glight difference in fracture time indicated for the two types of
specimens may be the result of one or both of two effects. First, some
effect may have resulted fram differences in conditioning time in the
laboratory between the machining date and testing date. Second, aging
which was notilced at higher temperatures may have been a factor. Specl-
mens of the type shown in figure 1(d) were conditioned in the laboratory
for approximately 2 months before testing. Specimens of the type shown
in figure 1(c) were exposed to the same conditions 11 to 18 months before

testing.

One specimen of each type tested at the same stress of 10,500 psi
falled at the cenber of its gage length in almost the same time Interval.
This seems to discount the effect of aging at T7° F. The other three
specimens of the type shown in figure l(d) falled st the grip which
suggests that they may have failed prematurely.

SUMMARY OF RESULTS

The following results were obtalned from tests of the effect of
temperatures up to 400° and 600° F on creep, stress-rupture, and static
properties of melamine-resin and silicone-resin glass-fabric laminates:

1l. Both glass-fabric laminstes showed a decrease in static-tensile
end gtatic-compressive properties with increasing temperature. At lower
temperatures the melamine-resin glass-fabrlc lamingte showed more
desirable mechanical properties than the silicone-resin glass-fabric
laminate., The melamine-resin material is not sulted for the high-
temperature conditions in which silicone resin will respond favorsbly.
The silicone-resin meterial did not decompose readily at 600° F.

2. The melsmine-resin material demonstrated & pronounced weskening
in resistance to fracture for the first few hours of exposure to the
4000 F temperature. Graduslly the material seemed to strengthen and at
approximately 430 hours was able to withstand stresses ranging from
34,000 to 38,000 psi.

3. The silicone-resin meterial did not exhibit the initial weakenling
effect at high temperatures for the first few hours after loading.
Instesd an immediaste strengthening effect was noticegble and the material
showed indirect signs of contlnuing to strengthen with time.
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L, The creep-test dats indicate that the rate of creep increases
with higher temperatures for both materials. The creep test results at
various temperstures seem to support the proposition that the percent
increase in strain due to creep for a given time interval (creepocity)
i1s independent of stress. This belng true, creepocity masy be useful in
comparing the creep reslistance of materials.

5. Computations made from the creepocity values indicete that the
time exponent n is a linegr function of absclute temperature and that
there may be no time effect abt certain predicted low temperatures on
these two materisls. No tests were performed at these low btemperatures,
however.

6. Some evidence is offered to support the activation~energy theory.
The activation energy was found to be about 1,460 calories per mole for
both lamingtes. An equation 1s presented which describes the creep as
a function of stress, tlme and temperature.

T. Results of recovery date indlcate that, In general, higher tem-
peratures cguse a decrease in recovery strain for both materials.

University of I1linois,
Urbana, Ill,, October 27, 1953.
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TABLE I.~ PREPABATION AND COMPOSITIOR OF LAMINATES-

Type of laminate

Melamine~resin gla.ea—fahrié

gilicone-resin glasas-fabric

Designation of leminhte
Laminator « « « o o &

Resin

Reection rate
Composition of resin

Catalyst used « « «
Bolvertt o o o « & o &

Solids, percent

PE . v v v v o

Febric
Kind

Woof .« o »
Weave « o o 4 4
Thickness, in. . « «
Welght rew, oz/sq yd
Threedsfin. . « «
Tenaile strength

Warp, 1b/in. minimum
Woof, 1b/in. minimum

Molding conditicns
Preparetion
Nurber of plles . .
Percent resin by
welght in -
Body of laminate
Surface layer . .
Lay of lamination .
Molding
Machine used + + «
Heating
TYPE + ¢ o 4 o «
Uniformity, °F .
Temperature, op

Molding pressure,
Time of heabing

cycle, hbr « o « o o

Time of cooling
cycle, hr . . + « &

Temperature at which
removed from
pressure, °F . . .

psi

Textolite No, 11508 Br,

General Electric Co.

Amerdcan Cyanamid Co.
Melmac 402
Melamine formaldehyde -

€ 8 ¢ 2 s 5 e 2 s s e s o »

1 mole melamine,
2 moles formaldehyde
None
95 percent water, -
5 percent butanol

8.1

ECC-11~-128

22535': 5 turns per inch (Z)

in twisting -
4.4 turns per inch (8)
in plying
Same &8 warp
Plain
0.007
6.00 B
L2 by 32 -
250 _
200
62 (estimate)

Parallel laminated

28l
1,230 . -

Room temperature

Grade GS8

Taylor Fibre Co.
Dow Corning Corp.
DC-2103

Silicone

Single stage
Slow

Triethanolamine, 0.1l5 percent
Toluene
60

Owene-Corning staple-fiber
glass-cloth E83-261, washed
to sizing content of O
0.5 percent

Glass fiber
ESE %0/2

Same as warp
Plain

0.015

10.7

20 by 1k

170
120

45

Ls
Unidirectional
Prees

Electric platens
5

185
1,800

3%‘-(5hrath85°]?)

2 (sbeam and water)

50




TABLE TT.- TRNSION TESTE OF METAMINE-RESIN GLAS3-FARRIC LAMINATES

Modulus of Yield strength,
tare alasticity; pei MHimate Rate of girain
Tempers, 4 Speciman pal atrapgth ?
‘e C.0%-parcent 0.2-percent; pel ! in, /in-min
Primary Secondlmry cifeet cffeet
7 o 5.99 x 105 2.96 x 106 10,000 25,300 %3,500 0.0011
B2 3.78 2.9 11,90 27,900 Lk, 100 -001h
B 3.7 2.92 n 28 43,000 .0018
Bh 3.96 2.92 91& ajiﬁ 40,100 .0016
» 3.92 2.96 10,100 25,500 Li5,600 .0015
] 5-87 2.93 10, 300 29500 L3, 500 0016
LEw b3 5k 15,5050 26, 3,500 Y6015
130 i) 4.3 3.15 10,300 25,300 34,700 0.0028
[ =%} x T L] 15 NN =1 o 4 ot k]
-z s Aerg [a”2 Aaied P o g g
B1O 5.58 2.88 11,300 26,600 42,000 0015
| o e 527k 35200 o3
2R : : V500 % ot
amn kY A a7 s hA 12 AN o= KON 2O 2 A _man
Ly At S0 L i g = AP ATy Maloe
ALy 3.00 2.7 13,100 27,200 33,600 0015
nix 2 Nz a Rl 1z RN o7 Gy aT AAN oM
s S =T g § S L F R L i
BolaE | s pam | 2R | 2B oo
T . . s
5. v3.56 V3,700 136,500 56,600 o
500 4319 5.0 2.83 8,700 17,300 Lo, 300 0.001%
B20 2.8 2,50 13,800 25,100 58,300 0016
B21 5.08 2.65 $,900 19,000 34,700 .0019
B22 %.02 2.62 10,600 20’?58 36,200 .ooﬁ
B23 .00 2. 11 2 100 o0
w809 v T v s S

BExcluded from avarage because gtrain rate wea cutelde limits of 0.0016 * 0.0003 in,/in-min,

bAverage value,

CExcluded from averags bensuse furnace was removed for 30 min, during test so that gripa oould be tightened,
GEyndudnd from average because specipen slipped in grips during test.

HThe KL VOVN
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TAFLE ITT,~ TENSTOR TESTS OF SILICONE-RESIN GLASOS-FABRIC LAMINATE

Yield stremgth,
Primary modulus psl Tltimate
w‘?.;m* Specimen of elagticity, strength, m};?fnfggi“’
psi 0.05«parcent 0.2-percent pel
offaet offeet
7 HL 2.05 x 108 . 10,100 a 15,000 0.0014
B2 2.1 8,L00 8 17,700 0015
)5 2405 10,500 a) 16,700 L001LT
BL 1.9% 10,000 a8 15,900 ~0017
: 2.00 10,500 a 15,900 «00LT
BS 1.9 10,500 8) 000 0018
- » CB y .

250 B19 1.90 5,900 12,200 15,200 0,0017
B0 1.9 5,100 11,200 ,800 0015
B2 1.9 6,1& 12,h00 15,% 0015

B2p 1. 12,%00 1 L0017 -
Hi?f% : 5,700 12,000 ”IE'_gmo o)
hon Cp1k Lol 6,900 8,600 1h,h00 0.0020
BEL5 1.5 6, 8,620 13,500 .0019
H16 1.70 5,400 g,sao 13,200 -0018
BT 1.50 6,500 T30 14,600 0017
Y158 TE,300 ) 13, b, 0018
600 B8 1.61 5,300 6,900 13,h00 0.0018
% | 13 e | Lim | 2e 3
; .oy 50 vi5a%0 V50T

%Stress.strain curve did not cress 0.2-percent-affset line before fracture.

bAve:mab yalue.

'~ . __ f L ma_ ma__ra_ _mom s~ 3 m s 2 fa s -~ om - Ll a e o
ctmra.:l.n IaLe WAk Jublne L1mins Or UL,ULD L U.URAJD 10./l0-MN. LACrCIore, (ALA WETE exXClmeq IITN BYRrags.

4
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TABLE IV.- COMFRESSTON TESTS OF MELAMINE-RESIN GLASS-FAHRIC LAMINATE

Yield atrength,
Modolus of pai Tltimate
Tempepature, Specimen elasticity, strength, Rate ‘}‘m’_ﬁfn
pai. 0.05-percent 0.2-percent psi *
offset offeet
7 A 3.00 % 106 2k, 500 8) 25,900 0,001k
A2 288 | e ag 25,900 L0017
A3 h.06 22,200 8, 25,800 .0016
Al 5.9 24,700 a) 26,100 0016
45 3.98 ———— a! £6,100 L0016
JY; * %08 e a 24700 .0016
B5 57 LAoR: 7 (s} 5, V0016
130 A13 3.90 17,200 20, 21,100 0.0019
A 3.80 ,600 8 21,100 0015
B | i A
[ 8, -
En ¥TE500 202500 v=oary
250 A19 3.18 11,800 15,000 16,200 0.0017
A20 3.)2 12,200 H,ooo ﬁ,aoo .oolg
A2L .0 10 100 .001
Ul‘a.u ¥1T,500 bm‘,‘% Y5200 -00TT
Loo caoy 2.60 10,200 12,200 13,500 0.002%
A2T 2.83 9,300 12,200 15,800 0016
A28 2.673 9,700 12,100 13,300 .ooig
429 2. 12,000 13,700 , 00,
LA l’%f% Y13, 100 bI%,'.‘EE v60LT

4gtresa~strain curve d1d not cross 0.2-percent—offeet line before fracture,

bAverage value,

“Rate of strain wea outside limits of 0.0016 t 0.0003 in._/in-min, Therefore, dsta were excluded fram average.

HTHE L VOYH
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TARLE V.~ COMPRESSIOR TESTE OF SILICONE-RESIN GLASS-FABRIC LAMINATE

Yield strength,

Modulus of pai Ultimate
Tempgrature, Specigien elasticity, strength, fate ‘/’fin‘:gim’
pai 0.05-percent Q.2-percent pal -
offeet offset

T a0 2.25 x 106 8,800 () 11,500 0.0010
M 2.35 8,200 () 12,300 L0019

A3 2.70 5,200 10,700 10, 800 0017

Ak 2.15 9,000 Eb% . 11,100 .00

A5 2, 7,900 b 11,000 .00L

sz—%.s 7,000 500 ¢ .ooIE

250 &p05 2.25 4,500 6,200 6,400 0.0020
AZ3 1.98 k00 5,700 5,700 0015

A2l 2.11 y 6,000 6,100 001!
£% vy R 53550 R

hes AT 1.36 3,200 3,700 2,700 0.001%
329 I 37000 3o 370 o015

1T 5,100 ST 2T LI 70.3

600 BA17 1.72 2,800 3,000 35,000 0.0012
8518 2.04 2,600 3,100 3,100 .0008

A9 1.48 2,700 3,100 3,100 .00l

AZL 1.50 2,600 000 000 .001.8
75 B T00 350 1% ¢ 0016

fRate of strain vas cutside limits of 0.0016 + Q,0003 in./in-min, Therefore, date were excluded fram sversgs.
b3tress-gtrain curve did not crosa 0.2-percent-offset line bafore fracture,

CAverege value.

it
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TARLE VI,- TENSIDN CHYZP TRITS OF MELANINE-REITY GLASS-FARRIC LAMTHATE

20 Fotal areep Rata of' creep Ivarease in Total strein Increase in 20-400
Pemperature, Btrens, -la.ut!.;m at 200 hr, ab 500 hv, strain, 80 aes xt 1,000 hr, atrain, 20 wee recavery strain
% pal m:ﬁ"“"'“’ Dercent in, fin-hr o0 500 br, in. fin-hr to 1,000 hr, at tima nobed,
() (%) paxcent ') percent paroanb
3,50 W
Lo k,100 0.1156 {v) (v {p) 0.13510 10,4
8,200 }Egﬂ 2787 8,2 Q.2522
12,000 . 4299 7.} 3958
16,400 5500 983 8. 53
8.7
{ 3,800 hr
b 2,400 0.0660 0.0700 1.h5% x 10-T 6.06 b.000s 22,0 0.0649
§; 500 .19 1570 1.95 8.3 \1661 16,0 o3
T,200 'ﬁ 2N L8 6.50 ﬁ 1.6 2202
9,600 . 5 1.38 5.85 . 9.3 X3
12,000 00N 1.62 6.29 A3ke 8.5 .37
14,400 BTt 2.26 6.32 5060 a.6 S
16,800 5700 .6obz2 2.52 6.0 6218 9.0 m532
“6.69 921
3,300 hr
130 %,100 0.180% 0.1 0.79 18.2 0,255 20,9 0.1
| e | 8 | e | o | B | R
. 2, . . . .
! "i%? 19.0
600 1
250 T 0. a, dg.1 38,2 e a 0.2996
15:% % % g 0.6 e A .560%
22,700 970 ) {e) {a) . s {a)
30,000 1.573, 1.8% 5.8 d%H . e Len
50 hr
koo 10,000 0.h%0 0. by 63.2 a a) 0.
20,000 S5k &) () (e} Z's Ea) ?31
26,500 1,408 2,506 = 50,6 ) nj 1.208
28,000 1'1.9.'7.2 a. 8 s:r a « °
29,000 1.871 g(), (e) e a ei &
29,350 188 2, c 1 C ] Cl
53

“¥alues corrected for change in length of coutrol speoimen,

Bt gtrrhenics at ebout: 500 br.

SAverags value,

Acroep Tate wns daterwined betwean, 30 and 450 hr beonuse of m Aisturbance near 500 br,
Syest was conaluded befare the tima indicebed.
TExbanocmeter 414 not function properly.

H#THe ML VOWH
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TANIE VII.~ PERSION CHEEP TESTS OF SILICONR-FREIN (LASS-FARRIC LAMINATE

Totel ereep Rate of creep Inoresss in 20-nec
Tenperatiurs, Stress, 20-sec at 500 hr, at 500 hr, ctrain, 20 sec recovery whraln
op el elastie strain, . percent in./in-hr to ™00 hr, at time noted,
percent paccent percent
(a) {a)
14,000 hr
¥id 1,100 0.0546 0,060 0.6 x 10T 1.8 0.0525
2,% .10{% -125']5 1.0 15n5 ilwmwo
3,300 1690 . L.k 16,8 1655
k100 «2L7Th 2565 1.7 18.2 2136
5,500 «267h 3419 2.3 18,9 2801
e % 2o a5 23
- . .0 . .
F] 2
800 e
2% 2,000 0.1180 0.1851 2.0 56.9 01082
5,000 2513 3265 3.9 30.7 -8297
6,000 3580 5296 k.9 53.1 360k
8,000 5108 785 6.9 bh#. 5068
500 hr
hos b, 000 0.275 o.b1 L6 9.6 0.2816
i 8,000 700 1.03% 18.0 §8.2 5092
10,000 1.257 1.566 4.0 .6 W63
13,500 1.361 (o) (=) (e) (o)
- 5.8
. 500 to 65 kr
600 4,000 (2) (a) 13.5 (a) (2)
6,000 0,518 o.%w 30.5 .8 0.3620
8,000 0.715 o) {e) ) (@)
0,000 570 1.6 T 9.5 0 379
10,500 9% 1.6 k8.5 T3 .£868
11,000 1,140 1.95 8.0 68.0

Syalume coxrrected for change in lemgth of cootaol mpecimen,

hA'nnge valn=,

Pempernture was %250 P for sbout 1 hr prior 4o loading.
dTritigl yeading vas in srrer,
SLosd chenged before 500 Ir,

oL
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TABLE VIII.- TIME-TO-FRACTURE CREEP TESTS

RThe NI VOWN

Classtabric e Tem;)eg;ture, Creep strength, psi, for fracture in -
2 hr 200 hx
Melamine resin 7 36,300 22,300
130 34,800 32,800
250 3k, 400 33,200
400 29,400 29,200
8ilicone reein i 10,800 9,700
250 10,000 9,300
L25 11,600 11,500
600 11,900 11,800

Le



TARE IX.- SOMMARY OF WECHANICAL PROPERFIES DEFEAMINED FOR (HASO-FAERIC LAMINATES

gilicons resin at & tapereture, F, of -

Fropecty
L) i 130 250 hoo ki 250 s 600
Molding preseure, POL o o 4 1 o4 w8 0 8 | ———— 1,250 1,80
Bpecific GravALY - - s 0 w s s mor s g | em——— 1.00 168 | e
Teosion modulus, prisary :

PO e s eeane v nannes| ]| 385%208| ZT0x106| 3.06x106) 2.07x10F | 200 %208 | Lo x1F | 158 x 105 | 1w x 106
Tensidn modnlus, secondery

PIL 2 v v e nne e rn ey m— 29x105| 2.04x106| 256 %106 | 2.62x WP
Tenaion yiald strength «t

0.05-peroent offset, Dol . . . . . . | mmm———m 10,800 10,800 12,700 11,300 10,100 5,700 6,200 5,100
Tension ylald strength at

O.2.percent affset, D&l o o ¢ 8 4 @ o | == — 26,7500 26,000 26,600 22,000 a 12,000 8,500 6,600
Ultimate sbrength in benpdion, ged . o o | ==c-ee 45,200 39,500 36,000 3,600 15,400 15,70 13,700 12,900
Comprension modulus, Dal . « « o o o o | w=o=——n 3,97 x 106 | 3.85 x 1P 5-n'X1°6 273 x106 | 238 x 106 | 2,08 x 168 | L x 206 [ 1.k x 206
Compression yleld shremgth st
_ 0.05-peramnt affaet, pal . .0 0 o o | mem . 23,600 18,000 11, 500 9,600 1,600 h 600 3,100 2,700
Cospreseion yield riress st

0.2-percant offset, pal . . . . . . . — (a} (=) 1h,800 12,100 (n) 5,800 3,700 3,000
Ultimete strangth in ¢ an,

e i e s ey m——— 25,00 | 20,500 16,200 13,600 11,300 5,900 ' 3,700 3,100
Total creep at 500 X, DEXsemt o o o o | e Bo.5es6 bo.ko82 "0.60 bg,02 %0.585 %0.5296 cC.E70 " 80.9h7
Avernge for arsep tests ab severnl

stresses of inorsans In sirain

from 20 e8¢ £o 00 hr, parcamt . . o | —m——— 6.69 16.3 5.8 9.0 119 YL.h ¥0.8 8.6
Bate of aresp at 500 br,

N JANBE e v e e e e e o | ——— 1162 % 10-T | B2.70 x 10-T | P5,0 x 1077 [ Phy,0 x 20°T | %2,3 x 10°T | %4.9 x 10-T | 8.8 x 10~T | °30.5 x 10-T
20-aec. elastlc sirain, parcamt . . . . | P0.354h B0 o0k g hoon ®o,k7 bo.55 °0.315 20,3980 0. 43 %0,548
20-sec. Tecovery siradn, percmtt . . . | PO.3858 bo.3657 D9, ko8O Y9.45 Bo, 4 0.3 %0.360h ©0.365 ©0.3620
Creep strength ab 200 br, pal o o o o o | e 33,300 32,800 25,200 29,200 2,700 9300 1,500 11,80

Agtress-struin curve did not crose O.2-pareent-offest line before fracture.

T12,000.pe1 siress,

£6,000-pel streas.

g¢
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TAEBLE X,- SUMMARY OF COMPUTED CREEP DA FOR MELAMINE-RESIN (GLASS-FABRIC LAMINATE

HTHE KL VOWN

Rete of creep at 500 hr,
in, exgonerrt
Temperstine, | Biress %&m it - » g’
’ » Gouputed ’ LLY
*F Pl o Computed frow eq. (5) e . Percert | pal
couputations, | Msammes from eq. (3) qAd JE ;:; ﬁlﬁi
percant usivg m gAd = Constant | varying with | data, m | date, n,
(a) tomperature
ho 4,100 bo,0618 SNN————— % T VT o 0. 0137 0.52% | 26,000
8,200 b13es | eme—eeemn -—| ©.593
12,000 22035 | —reee—— ¢.608
16,400 b, o853 e | G851
i 2,h00 0.0539 145 x w0-T| o.8 0.0113 0.0186 0.575 [ 35,000
3,800 0T 1.95 la
7,200 .1l 1.78 2,84
9,600 .1600 1.38 5,86
12,000 2061 1.62 k.ot
4400 290 2,26 6,00
16,800 2938 2.52 7.20
130 4,100 0.0692 0.75 o.h3 0.0263 0.0281 0,855 | 13,000
8,200 79 1,58 0.92
12,000 -22h9 2.7 1.59 !
25 7,500 0.155 do.1 2,18 3.3T x 07T | .08 x 20°T| o.0m6 0.57% | 27,000
15,000 338 | 96.8 484 6.8 .21 ? !
30,000 7L 96.8 11,01 .1 8.5k
koo 10,000 0.2Th b3 T.16 22,1 6.5 0.0797 0.569 | 21,000
eéihoo .906 gz 23.7 53,5 7.4 ’
29,350 1.086 28.5 66.5 19.4
0579 | *2F,800
BaFeTaia ~ oy i Han T Ak B PR

Yalues sorecheld for chaoge In loogth of caslecl spsoimn.
boamputed from 20-asc pnd 1,000 computaticns.
CComgurted values from ref. )t hased on valuss of np and &, detmrmined from 20-azc awd 1,000-hr compuiations,

‘MMemdcmmmjjommmbmdammmmmm.
CAvernge value.

6¢



TABLE XT.- SUMMARY OF COMPUTED CREEP DATA FOR SILICONE-RESIN (LASS-FABRIC LAMINATE

€0y BVEIAES Rete of creep at Time
feuperature, | Stress, | fom so-gee | 0 BF, Wn.ftnchr | exponent n] | |
[¥] ':, DUJ.'CDb, L L Ll 11 % - ) - L'-o 3 Uo,
Cp psl and 500-hr Compirsed :‘;;xnﬁoag_;ic percent | psi
compubations, | Measured from eq. (3) ants.
percent °
77 1,100 0.028); 0.6 x 101! 0,19 x 10~ o0.0085 - | o.203 | 7,80
2,200 0579 1.0 39
3,300 .0906 1.k .62
4,400 L1169 1.7 50
5,900 1555 2,3 .| 1.06
6,600 .1960 2.5 134
TJTm I25J'I'O 5-0 lla)
250 2,000 0,0719 2.0 1.26 0.0600 0.278 | 8,200
1,000 1396 3.9 2.1
6,000 2230 4.9 3.9
8,000 2960 6.9 1.9
Los 1,000 0.163 4.6 2.79 0.0591 0.304 | T,360
8,000 J13 12.0 7.07
10,000 681 1.0 11.63
600 6,000 0.305 30.5 12,1 0.1040 0.392 | 8,200
10,000 606 4g.5 24,2
10,500 +596 48.5 3.8
11,000 .689 48,0 27.5
20,204 | 87,900

Bjverage values.
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(a) Tension. I Rad. Section A-A
1_211_. <___lu_> .
b
-'._.IN EH
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(c) Creep and fracture (77°to250°F). Section A-A
- 7"l|| —
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(d) Creep (40° to250° F). Section A-A
< 7" 1] i =~
2(! Rad7’< 4i A >l 4% > . —>| ‘4—-4[- Diam.
0L [T =
A

(e) Creep and fracture (400°

Figure l.- Static and creep specimens.

/1 t Section A-A
> —13 Thread
to 600°F).

Cross~hatched lines indicsate

planes of laminetions.
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Figure 2.- Apparsatus

NACA TN 341k

L-89550
used for static-tension tests.



NACA TN 3h1k

L-8935l
Figure 3.- Apparatus used for static-compreéssion tests.
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NACA TN 341k

Figure 4.- Multiple-creep machine used for tests at 40°, 130°,
and 250° F.



NACA TN 341k

creep machine.

1.-89353

Flgure 5.- Creep-measuring apparatus used with mmltip

ks
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L~

Figure 6.- Creep machine used for tests at 400°

8935k _
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Melamine resin

thcone resm
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Figure 19.- Creep-time curves for tension creep tests of a silicone-resin
glass-febric laminate tested at 77° F and a relative humidity of
50 percent, unless otherwise noted.
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Figure 23.- Effect of stress on 20-second elastic strain and on total
creep at 500 hours at various temperatures for a melamine-resin
glass-fabric laminate. Data corrected for change in length of

specimen carrying zero load.
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Figure 24.- Effect of stress on 20-second elastic strain and on total
creep at 500 hours at various temperatures for a silicone-resin
glass-febric leminate. Data corrected for change in length of
specimen carrying zero load.
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